The regulation of intracellular pH in the kidney proximal tubule is mediated by a Na+-H+ exchange protein localized to the brush border membrane (1). Kinetic investigations performed under steady-state conditions have shown that the exchanger has a single transport site for Na+ and at least two sites for H+, one of which has a regulatory function (2, 3). In addition to intrinsic regulation by protons, Na+-H+ exchange activity is also subject to control by various extrinsic substances including hormones, growth factor, and pharmacologic agents (4, 5). Although fairly detailed transport models depicting the sequence of ligand interactions with the Na+-H+ exchanger have been proposed (1), the nature and sequence of events comprising the intermediate steps of the reaction mechanism are poorly understood. In the present study, we attempted to identify these reactions and to quantitate their kinetic behavior by measuring the pre-steady-state time course of H+-dependent Na+ uptake in brush border membrane vesicles (BBMV) isolated from rabbit kidney cortex. A technical limitation involved minimizing the time of incubation between the addition of the substrate and the quench reagent so that the first turnover of the exchanger could be resolved.
The regulation of intracellular pH in the kidney proximal tubule is mediated by a Na+-H+ exchange protein localized to the brush border membrane (1) . Kinetic investigations performed under steady-state conditions have shown that the exchanger has a single transport site for Na+ and at least two sites for H+, one of which has a regulatory function (2, 3) . In addition to intrinsic regulation by protons, Na+-H+ exchange activity is also subject to control by various extrinsic substances including hormones, growth factor, and pharmacologic agents (4, 5) .
Although fairly detailed transport models depicting the sequence of ligand interactions with the Na+-H+ exchanger have been proposed (1) , the nature and sequence of events comprising the intermediate steps of the reaction mechanism are poorly understood. In the present study, we attempted to identify these reactions and to quantitate their kinetic behavior by measuring the pre-steady-state time course of H+-dependent Na+ uptake in brush border membrane vesicles (BBMV) isolated from rabbit kidney cortex. A technical limitation involved minimizing the time of incubation between the addition of the substrate and the quench reagent so that the first turnover of the exchanger could be resolved.
This was accomplished by lowering the incubation temperature to slow the reaction rate, thereby allowing the mixing operations to be carried out by hand with the aid of a metronome. The reaction was rapidly terminated by dilution of the vesicles into a medium containing amiloride, which prevented further 22Na' uptake as well as 22Na+ efflux.
We report here that amiloride-sensitive Na+ uptake in H+-loaded BBMV exhibits a rapid phase of accumulation that is sensitive to gramicidin. Analysis of the data suggests that this behavior reflects the initial turnover of the exchanger, implying that Na+ translocation is not rate-limiting at 0°C.
MATERIALS AND METHODS
Preparation of BBMV. BBMV, predominantly in the rightside out configuration, were isolated from rabbit kidney cortex as described (6) and used immediately following preparation. Protein concentration was determined by the method of Lowry et al. (7) with bovine serum albumin as standard.
22Na' Uptake Assay. Prior to measuring Na+ uptake, the vesicles were suspended in 150 mM KCI and 10 mM Tris/16 mM Hepes adjusted with Mes [2-(N-morpholino)ethanesulfonic acid] to the final desired pH values and then incubated at 20°C for 90 min to allow the ligands in the intra-and extravesicular spaces to equilibrate. For the determination of Na+ uptake at 0°C, 25 ,ul of membrane suspension (250-500 ,ug of protein) was deposited on the bottom of a 13 x 100 mm glass test tube placed inside a sealed 17 x 90 mm clear polystyrene tube containing 2 ml of ice-cold water. The outer tube served as an insulator for maintaining the reaction temperature at 0°C. On the wall above the membrane suspension, 25 ,ll of the incubation medium containing 22Na+ (0.1-0.2 ,uCi; 1 Ci = 37 GBq) was added to the tube. A dried film of bovine serum albumin on the inner surface of the glass tube prevented solutions from running down the side and mixing with the membrane suspension. The tubes were returned to the ice for at least 2 min prior to starting the reaction. Incubations were initiated by shaking the tubes with a Vortex mixer and a metronome was used to time the duration of Na+ uptake. Incubations were terminated by the manual addition of 3 ml of an ice-cold quench solution containing 100 ,uM amiloride hydrochloride, 150 mM KCl, and 10 mM Tris/16 mM Hepes, pH 7.5. The membranes were harvested on a 0.65-pum pore size filter and rinsed with an additional 9 ml of the quench solution to remove nonspecifically bound isotope. RESULTS AND DISCUSSION At 20'C, Hf-dependent 22Na' uptake by the Na'-H' exchanger in BBMV follows a linear time course that extrapolates through the origin at t = 0 (9). Lowering the reaction temperature to 0C produced several distinct changes in the qualitative and the quantitative behavior of the Na' uptake time course as shown in Fig. LA . Between 0.5 and 2 s, a rapid initial phase or burst of 22Na' uptake was observed followed by a linear (constant velocity) phase that lasted several seconds. When this experiment was repeated in the presence of 1 mM amiloride, Na' was taken up more slowly and followed a linear time course (Fig. 1A, lower curve ). These results demonstrate that a major portion of the Na' uptake measured during the rapid phase ofaccumulation at 00C in the absence of inhibitor is due to the activity of the amiloridesensitive Na'-H' exchanger.
The curve remaining after subtraction of amilorideinsensitive 22Na+ uptake from the transport activity measured in the absence of amiloride was used to evaluate the kinetic parameters of H+-dependent Na+ accumulation. At Fig. 1B , is due to the presence of an early lag in Na'
uptake that precedes the formation of the burst phase. Although the lag phase varied somewhat between preparations, it was not affected by changing the Na+ concentration within a given preparation (Fig. 1B) . This implies that the initial delay in Na+ uptake is not caused by the formation of a collision complex between Na+ and the transport site, but it is probably due to the presence of a slow first-order transition that precedes Na' binding and/or translocation. The exponential behavior of the transient phase of Na' accumulation and the linear time dependence of Na' uptake that occurs subsequently suggests. that the burst corresponds to the initial turnover of the exchanger. An alternative possibility is that the decline in rate of Na' uptake after 2 s is due to 22Na' backflux, which will increase as the vesicles become loaded with Na+. To test whether significant 22Na+ backflux occurs under these conditions, the vesicles were partially loaded with 22Na' and then chased with a pulse of 23Na+ while maintaining a constant level of. Na+ in the incubation medium. No amiloride-sensitive efflux of labeled Na+ was detected over a 10-s time interval when the cold chase was added to vesicles that contained an amount of Na' that was either less than (0.1 nmol/mg) or greater than (0.5 nmol/mg) the amount accumulated during the burst phase.
Incubating the vesicles with gramicidin (400 Ag in 3% dimethyl sulfoxide per mg of protein) for 90 min at 200C prior to measuring the exchange activity completely eliminated Na+ uptake at 0C (data not shown). This suggests that Na+ accumulated during the burst phase is internalized since the ionophore should have only released Na' trapped inside the vesicle without affecting membrane-bound Na'.
As shown in Table 1 , the burst amplitude and the steadystate velocity were dependent on the internal H+ concentration. At 1 mM Na+, decreasing the internal pH from 7.17 to 6.0 produced a 3-fold increase in the burst amplitude without affecting the apparent burst rate. The apparent turnover number, obtained by dividing the steady-state velocity by the burst amplitude, almost doubled over this pH range, consistent with the observation that the Na'-H+ exchanger con-TIME (s) Amiloride-insensitive 22Na' uptake was subtracted from the total 22Na' uptake at 1 mM (o) and 5 mM (e) Na+ prior to plotting the data. (Insets) Semilogarithmic plots of Na' uptake during the burst phase obtained by subtracting the pre-steady-state time points from the extrapolated steady state and plotting the difference as a function of the incubation time.
Biochemistry: Otsu et A Measurements of the time course of amiloride-sensitive 22Na' uptake by the Na'-H' exchanger were performed at 0C. The intravesicular pH (pHi) was adjusted to the value shown by incubation in the appropriate buffer and the final external pH was adjusted to 7.7 by dilution of the vesicles into a medium containing 22Na' at the concentrations indicated. Values are expressed as means ± SEM of at least three different membrane preparations. *The burst amplitude was determined by extrapolation of the linear or steady-state phase of Na' uptake to t = 0.
tThe apparent burst rate was evaluated from the slope of the semilogarithmic plot of the burst phase of Na' uptake. tThe apparent turnover number was calculated from the steady-state velocity of Na+ uptake divided by the burst amplitude.
tains an internal HW-dependent regulatory site that activates Na+ uptake at acidic pH (3). 22Na' uptake in H+-loaded BBMV at 1 mM and 5 mM Na+.
The curves are qualitatively identical and show similar quantitative characteristics with respect to both the lag duration and apparent burst rate (see also Table 1 ). However, quantitative differences were found in the burst amplitude and the steady-state velocity, which differed by factors of 5 and 3, respectively. This result was unexpected since it suggests that the pre-steady-state burst and the overall velocity become saturated at different Na+ levels. This was explored in greater detail by examining Na+ accumulation in the burst phase and steady state over a 10-fold Na+ concentration range (1-10 mM). As shown in Fig. 2A , the relationship between the burst amplitude and Na+ concentration was sigmoidal with a half-maximal saturation occurring at z4 mM Na+ and a plateau between 7 and 10 mM Na+. In contrast, the [Na+] dependence of the steady-state velocity obeyed Michaelis-Menten kinetics (Fig. 2B ) with a Km of -6 mM, similar to the behavior found at 20°C (2, 4) . The possibility that different subpopulations ofthe vesicles contribute to the multiphasic time course of Na+ uptake is inconsistent with the observation that the burst amplitude is a saturable function of the Na+ concentration ( Fig. 2A) . Had the transient phase of Na+ uptake resulted from equilibration of Na+ transport in a rapidly filling population of vesicles, [Na+] (mM) then the amount of Na+ taken up should have increased linearly with [Na+] rather than approaching saturation. In addition, the onset of equilibration should have been prolonged at higher Na+ concentrations, causing the apparent burst rate to decline rather than remain independent of the [Na+]. Another phenomenon producing burst kinetics is hysteresis, which results from having two different conformational states of the exchange protein with different Na+ binding affinities and catalytic activities (10) . In this case, the rate of transition to the less active conformation depends on the Na+ concentration, becoming faster as the [Na+] is raised. Because we observed no change in the apparent burst rate in response to changing the [Na+], we conclude that hysteresis is probably not responsible for the complex time dependence of Na+ uptake in Fig. 1 . Further support for this conclusion comes from experiments conducted at low (0.1-1 mM) Na+ concentrations (data not shown), which gave an apparent burst rate similar to that measured at higher Na+ levels (0.6-0.8 s-1).
The above considerations support the conclusion that the rapid phase of Na+ uptake at 0°C corresponds to the inward movement of Na+ across the brush border membrane coupled to the initial cycle of Na+-H+ exchange. Raising the incubation temperature to 20°C converts the time course of Na+ uptake to linear kinetics (2) , indicating that the exchange mechanism includes a reaction with an activation energy exceeding that of Na+ translocation that becomes ratelimiting at reduced temperatures. Assuming that the bound and free ligands are in rapid equilibrium, plausible candidates for the rate-limiting step at 0°C include recycling of the H+-loaded carrier or a slow conformational transition following Na+ translocation. A specific example of the latter alternative, suggested by studies on the mechanism of Na+-Ca2' exchange (11, 12) , is a change in protein conformation involving the conversion of a Na+-specific binding conformation (Co to a H+-specific form (Cj) as shown below (step [Na+]-l (mM)-l the exchange cycle, two of which are directly involved in ion translocation. The initial conditions of the transport assay favor accumulation of the carrier in the two He-loaded states in the left-hand portion of the cycle since both sides of the membrane were acidic (pH 5.7) prior to the addition of Na'. Upon dilution into the alkaline 22Na'-containing medium, a H' is released from the carrier externally generating CO (step 1). To bind and transport Na', the carrier must first undergo a change in conformation from C. to C' (step 2), which may be responsible for the lag phase. This step may also control the kinetics of the burst phase if it is slow compared to Na' binding (step 3) and translocation (step 4) that occur immediately afterwards. Following Na' dissociation at the inner membrane surface (step 5), the carrier proceeds through the reverse transformation, C: to C1, converting it back to a form that preferentially binds H'. To account for the presence of the burst phase, this reaction should take place at a slower rate than the forward transition at step 2, assuming that H' translocation (step 8) is fast. Alternatively, rate-limitation might result from the slow release of Na' internally or from H' translocation (step 8) being slower than Na' translocation. In the former case, the kinetics of the dissociation reaction would presumably reflect the release ofNa' from an occluded state, since the low affinity of the exchanger for Na' implies that this ligand comes on and offthe carrier at fairly high rates.
Resolution of the initital turnover of the exchanger at 00C enabled us to estimate the transport site density from the amplitude of the burst phase. At saturating Na', the burst amplitude was -1 nmol/mg, which is considerably larger than the site densities reported in lymphocytes (13) and solubilized renal BBMV (14) . In the latter study, the lower site density (2 pmol/mg) may reflect a loss oftransporters due to denaturation and/or incomplete recovery following exposure to the detergent and prior to covalent labeling with the amiloride analog. Our results suggest that the Na+-H+ exchanger is a major component of the brush border membrane, which is not surprising in view of the large amount of Na+ that must be reabsorbed from the glomerular filtrate to maintain cellular electrolyte balance. In a recent study, Sardet et al. (15) using a genetic approach reported a molecular mass of the human Na+-H+ exchanger of99 kDa, while Karpel et al. (16) obtained a value of 35 kDa for the exchange protein in Escherichia coli. At a transport site density of 1 nmol per mg of BBMV protein, the Na+-H+ exchanger would comprise between 3% and 10%o of the total membrane protein assuming that its molecular mass is in the 30-to 100-kDa range. In agreement with this prediction, SDS/polyacrylamide gels stained with Coomassie blue (17, 18) show several intense protein bands that fall within this size range. While these results lend support to our interpretation of the burst phenomenon, a definitive answer to this question awaits identification of the BBMV exchange protein, and the most compelling evidence for the initial turnover is the lack of an alternative explanation that is fully consistent with the pre-steady-state kinetic behavior.
Although Na+ accumulation in the steady state obeys Michaelis-Menten kinetics (Fig. 2B) , the sigmoidal relationship between the burst amplitude and [Na+] in Fig. 2A suggests a more complex interaction involving multiple Na+ binding sites. This interpretation should be viewed with caution since the quantity measured by extrapolation of the steady state to t = 0 (or burst amplitude) is not equivalent to the steady-state concentration of the transport intermediate that accumulates during the burst phase. The latter variable (like the steadystate velocity) will show a dependence on Na+ that reflects both the number of Na+ binding sites involved and the way in which those sites interact as they become occupied (19) . The burst amplitude, on the other hand, may show a sigmoidal response to Na+ even when only one site is available to bind Na+ (20, 21) . To evaluate the Na+ dependence of the exchange reaction in the pre-steady state, we resorted to computer simulation ofthe burst phase intermediate by using a simplified version of the previous transport mechanism. This is shown in Fig. 3 for the data at 5 mM Na', which is replotted from Cs. It can be seen that the burst amplitude, Bo, underestimates Cs and that they begin to approach each other as the steadystate rate becomes smaller (for a single turnover, Cs = B.). We find that as the Na' concentration is raised (1 mM to 5 mM), Na' uptake in the steady state declines relative to that in the burst phase because of a decrease in the apparent turnover number (0.5 to 0.3; Table 1 ). Thus, the ratio of Bo to Cs does not remain constant but is an increasing function of [Na']. To Proc. Natl. Acad. Sci. USA 86 (1989) determine how C. varies with Na', the steady-state concentration of the burst phase intermediate was evaluated from the time course of Na' uptake at each Na' concentration as described above. It should be noted that the single-site mechanism used in these simulations (cf. legend to Fig. 3 ) was unable to reproduce the time course of Na' uptake over the entire range of Na' concentrations (1-10 mM) without increasing the transport site density along with the Na' concentration. (The implication of this result is that a single-site mechanism is inadequate and that a more complex scheme involving at least two Na' binding sites is needed to explain the Na' concentration dependence of the pre-steady-state burst.) The steady-state intermediate levels (C) are plotted in Fig. 3 (Inset) together with the corresponding values of B. at each Na' level. It is apparent that C, shows the same qualitative response to Na' as B0-i.e., the plot of C, vs. [Na'] is sigmoidal. This is the predicted response for a system possessing multiple interacting sites, implying that activation of the exchange reaction involves a cooperative interaction between Na+ transport sites.
Alternatively, monomeric transport systems may exhibit cooperative kinetic behavior due to the presence of hysteresis or a random-order bisubstrate addition mechanism. The first of these was considered in relation to the burst mechanism and was eliminated on the grounds that the apparent burst rate did not vary with [Na+] . Apparent cooperativity may also arise in a situation in which Na+ and H+ binding are both necessary for the activation of Na+ translocation and in which Na+ binding is kinetically favored, but random with respect to H+ binding. However, this behavior will only occur at subsaturating internal H+ concentrations, which were not used in the present study (internal pH 5.7).
A transport mechanism involving a single (monomeric) exchange protein could give rise to the complex Na+ dependence of the burst phase if the exchanger contained both regulatory and transport sites for Na+. However, this seems unlikely in view of the fact that gramicidin completely eliminated Na+ accumulation, suggesting that the Na+ binding sites on the exchanger are exclusively involved in transport. A monomeric scheme involving two or more interactive Na+ transport sites is also a possibility, although in this case the positive cooperativity expressed in the burst phase would have to disappear after the first turnover to account for the simple (Michaelis-Menten) Na+ dependence in the steady state (Fig.  2B) . A plausible solution to this problem is afforded by the "flip-flop" type of mechanism in which the functional transport unit is an oligomer and the subunits alternate their conformational and ligand binding properties during transport (22) . In this scheme, the initial cycle of transport involves a unique set of events in which Na+ binds to a single site on each of the protomers comprising the oligomer and is then transported to the inside of the vesicle as shown in the upper pathway of Fig. 4 for the case of a dimer. To account for the positive cooperativity of the burst phase, the second Na+ has to bind more tightly than the first. In each subsequent exchange cycle, Na+ movement in one direction aross the membrane is conformationally coupled to H+ translocation in the opposite direction on the adjacent subunit (Fig. 4 , lower pathway) yielding the simple Na+ dependence observed in the steady state. A central feature of this model, which was originally proposed by Chappelet-Tordo et al. (23) to account for similar behavior in alkaline phosphatase and has been reported to exist in several other polymeric enzymes (22) , is the transition from the complex Na+ dependence observed during the initial turnover of the exchanger to the simple Na+ dependence seen in subsequent turnovers. It should be noted that the mechanism requires occupation of adjacent Na+ binding sites during the initial transport cycle; otherwise there would not be an opportunity for a cooperative binding interaction in the pre-steady state. In support of this proposal, we have recently observed that an inside-negative membrane potential enhances Na+ uptake during the initial transport cycle but has no effect on the steady-state activity (unpublished observation). This could have resulted from the accumulation of positive charge associated with the uncompensated movement of the Na+ to the inside of the vesicle during the initial turnover. In the subsequent cycles, the stoichiometric (electroneutral) exchange of internal H+ for external Na+ would prevent further charge accumulation and its effect on Na+ influx. Although these features of the exchange kinetics conform to the predictions ofthe flip-flop mechanism, further work is necessary to establish the molecular basis of this complex behavior.
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